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2 Current Status of Weak Decay Studies
I shall begin by giving a very brief overview of the current status of the elec-
troweak sector of charm physics. An important `truth' evidenced in weak
decays of charm is the relative importance of the strong interactions. This
is already signalled by the large number of identiable hadron resonances in
the charm region. For example, in the most recent listing of the Particle
Data Group, I count twelve non-strange and six strange resonances in the
1700! 2000 MeV mass region.
1
2.1 Experimental Studies
If QCD eects are signicant in the charm region, one expects phases to be
prevalent in weak decay amplitudes due to eects of nal state interactions
(FSI). It is a sign of the maturity in experimental studies that such phases
are routinely extracted from a study of isospin sum rules. Table 1 summarizes
the current state of aairs.
2;3





































































The list of theory papers on charm decays is very long. A recent and compre-
hensive study of D decays is that of Buccella, Lusignoli and Pugliese,
4
who
study a large number of modes and, most notably, include FSI eects in their
ts. As a result, each of their weak decay amplitudes has a phase. This pro-





We shall consider each of these in due course.
3 Current Status of Exotic Physics Studies
Suce it to say that, despite a number of experimental searches, no truly exotic
signals have yet been discovered in the charm sector. In the following, we shall
touch on both the experimental and theoretical situations and indicate that at
least some theoretical predictions are not terribly far from existing limits.
3.1 Experimental Studies
The only signal observed in this category is the detection of doubly-Cabibbo-
suppressed decay (DCSD), and one is clearly stretching things by calling this
unambiguous SM phenomenon `exotic'. A number of searches for FCNC pro-
cesses have been carried out, but with null results. We shall list a few examples
to indicate the present level of sensitivity.
Observation of Doubly-Cabibbo-Suppressed Decay
Although not truly exotic, DCSD occurs with a suciently small branching
ratio to qualify as an impressive experimental achievement. We recall that the
context for making the measurement is one where DCSD is a background to






mixing. Results of mixing studies




































Table 3: Some Limits on FCNC Decays.









































experiments, the observed wrong-sign K signals
were interpreted as DCSD events and the values displayed in Table 2 are seen
to be consistent within error bars.
























 is observed. A Dalitz plot analysis of the E791 data reveals roughly









Searches for FCNC Decays
A survey of searches for exotic decays appears elsewhere in these proceedings.
We simply take note in Table 3 that the overall level of sensitivity has in some
cases reached the O(10
 6
) level.
3.2 Theoretical Studies of FCNC Processes







mended earlier in this talk are actually carried out and that some signal is
observed. Several interpretations are possible:
 A signal of `new physics',
12
 A SM short-distance eect, akin to the EW-penguin of B ! K

,
 A SM long-distance eect.
13









Weak Radiative Decay (D!M)










). Let us compare
this with theoretical expectations. The charm analog of the short-distance
EW penguin vertex b ! s is c ! u. Omitting QCD corrections, one
nds a tiny branching ratio B
No QCD
c!u
' 1:4  10
 17
. Although a study of
one-loop QCD corrections
14




' 5  10
 12
is still tiny. The same is true even when two-loop QCD
corrections are included
15
. However, two studies of long distance eects (us-





) obtain branching ratios at the O(10
 6
) level. One must
therefore keep in mind that misinterpretation of observed FCNC signals is
possible unless long range eects are rst understood!











is analogous to the weak radiative decay just con-
sidered except that the photon is now virtual (we denote a virtual photon as


) and must carry sucient momentum transfer to produce an on-shell lep-
ton pair. The branching ratio from the short-distance (EW penguin) vertex
c! u









). However, there is an almost
trivial source of lepton pairs arising from the decay chain











0 = (6:1 0:6) 10
 3
,














over the  peak that








' 0:8  10
 6
occurs and that the
wings of the Breit-Wigner prole of the  lead to branching ratios O(10
 7
),

















4 CP Violation in the D System
Although there is not time to fully review this subject, I consider two matters
of special interest and worthy of comment.





An approximate but accurate formula for the time-dependent decay rate for
the transition of D
0











































 1 and jj  1 ( is dened below). The constant term X
within the brackets arises fromDCSD, whereas the quadratic term Z is entirely
due to mixing. The linear term Y arises from interference and can be written
as
Y = 2Re  ,
D
+ 4Im  m
D
; (5)





with p and q being the usual
mass matrix parameters and











If one neglects the presumably small ,
D
contribution to the Y term, the
remaining contribution is proportional to Im , which can be nonzero if (i)







! f (thus inducing a phase in A=B). Blaylock et al
performed a careful analysis of the time dependence in mixingand discussed the
importance of allowing for FSI eects in any model-independent experimental
analysis.
19
Table 4 displays the mixing values obtained from nonleptonic decays
(D ! K and D ! K3) and obtained under the most general of conditions,



























mixing is of the same order-of-magnitude as previously
determined. Part of the reason for this is the careful attention paid by E791
to the possibility of an interference term.
4.2 CP Violating Asymmetries in D

Decay
In meson systems, one can seek CPV eects either via mixing (indirect CPV)
or not (direct CPV). For D mesons, it would appear that the former can be
observed only from some kind of new physics mechanism. For the purpose of
testing CPV in the Standard Model, the search for asymmetries in D

decays
is particularly important. The E791 results given in Table 5 reveal that the




Table 5: E791 Limits on CPV Asymmetries.
Mode a
CP





























 0:017 0:042  8:6 < a
CP
< 5:2
As regards theoretical predictions, it has been suggested that the  mode




































More generally, this reference predicts a number of CPV asymmetries at the
O(10
 3
) level. This is curiously near the maximum expected from the SM as


































where , A and  are the Wolfenstein parameters of the CKM matrix.




Mixing in the Standard Model
In the following, we give an up-to-date and reasonably thorough review of





5.1 Short Distance (`Box') Contribution





in the literature over a decade ago,
21








































































































































where the b-quark contribution has been neglected, X
D























and no QCD corrections are yet included.











indicate the presence of


















a major source of numerical uncertainty, even as to the sign of the eect.
However, a very recent lattice determination
23
of both the B-parameters has
alleviated this source of numerical ambiguity, leaving the value ofm
c
as perhaps
the least well-determined quantity. We display the m
c












5.2 Heavy Quark Eective Theory Analysis
The eect of QCD radiative corrections on the box contribution has been
studied in the context of the heavy quark eective theory (HQET). Georgi









the QCD eects appeared soon thereafter.
25
HQET represents the most natural
means for computing QCD radiative corrections for heavy quark processes, as
otherwise uncontrollable logarithmic factors are avoided. There are several
steps in this approach: (i) obtain an eective hamiltonian in terms of local
operators (OPE), (ii) run the energy scale (RG equations) from  'M
W
down
to the value of interest ( ' m
c
in our case) and (iii) obtain accurate values






mixing, operators of dimension four, six and eight were considered, and the
maximum eect obtained was estimated to be jM
D




The main uncertainites here involve convergence of the OPE (i.e. is the c-quark
really heavy?) and evaluation of the multi-quark matrix elements (eects of
nonperturbative physics).
8










K 0:1345  10
 15












 15 0:3757  10
 16
  0:1545  10
 17






 17 0:3339  10
 16
  0:7227  10
 16






 19 0:2875  10
 16
Total 0:2875  10
 16
 20 0:2627  10
 16
5.3 Dipenguin Contribution
The box contribution is not the only short distance contribution. It has long
been understood that the eect of two penguin operators (dipenguin) can also
occur as a four-quark local operator.
26





























Thus, the dipenguin does not lead to a surprisingly large contribution.
5.4 Long Distance (`Dispersive') Contributions
It could happen at the relatively light charm mass scale that signicant cor-
rections to the short-distance box contribution exist. It is dicult to obtain
an accurate determination of this long distance component, but nonetheless
instructive to study the various categories.
Single-particle Sector
Although the analysis of the single particle sector was carried out some time
ago,
28
this represents its rst published appearance. Individual contributions




of the    
0
mixing
angle, and the dependence on 
P
is given in the two rightmost columns.
9
Multi-particle Sector
Historically, the rst of the long distance components to be studied was the
two-particle charged-pseudoscalar sector.
29;30
The motivation was then (and
remains to this day) quite clear { the large SU (3) breaking evidenced in D















which is unity in the SU (3) limit. Chau and Chang have analyzed several
related decays and nd the large breaking to be an accumulation of a number
relatively minor eects whose ultimate impact is large.
31
In the original quantitative study of the long distance two-particle sector,
30





j  0:2 appeared natural. If we































Although this order-of-magnitude estimate is far from rigorous, it represents a
reasonable bound on the magnitude of the dispersive component.
6 New Physics
Although a variety of important SM tests remain to be carried out, increasing
attention is being given to probes of new physics. In the following, we recall





then catalog a number of potential new physics contributions to M
D
.





Several papers have pointed out the potential importance of the interference
term (cf the Y -term in Eq. (4)) for studies of mixing in the D sector. First,
Wolfenstein noted that detection of mixing at current levels of sensitivity would
indicate new physics, and that in the absence of FSI, the eect would involve
CPV.
32
Papers by Blaylock, Seiden & Nir
19
and by Browder & Pakvasa
33
provided a more detailed look at new physics possibilities. The latter also
























mixing from a variety of new physics scenarios









A propos of new physics contributions to a given system, there is by now a
well-developed path to follow:
 Pick some Model-X of new physics, identifying its degrees of freedom and
the extent of its parameter space,
 Calculate its eect on a given observable,
 Perform a phenomenological analysis and decide whether
(a) Model-X contribution unobservable?
(b) Model-X parameter space constrained?
(c) Model-X ruled out?







mixing. Indeed, all the models typically discussed in the literature








The remainder of the procedure { to calculate the eects over the available





refer to the original literature. We simply note here that:
(i) Although the HERA-motivated interest in leptoquarks is quite recent,
there already exist interesting phenomenological studies of such particles, in-








(ii) In the avor-changing neutral Higgs scenario, it has recently been











(iii) The tight experimental bounds on FCNC processes place severe re-
strictions in supersymmetric models on the structure of sfermion mass matri-
ces. Several approaches (`avor universality', `alignment', `gauge mediation')
are available for dealing with this problem. We note a recent `mass inser-
tion approximation' analysis of FCNC constraints which is relatively model









We have argued for using B-factory capabilities to carry out charm physics ex-
periments in the three areas of rare decay searches, CPV asymmetry searches




























































, (c-d) tree, box contributions of avor-changing neutral higgs scalars H
0
,
(e) left-right symmetricW -boson W
R













singlets (Q =  1=3 or Q = +2=3)
Extra scalars charged higgs H

neutral (FC) higgs (H
0
)








intrinsic interest than more conservative choices. To support this view, an
up-to-date summary of these topics has been provided, and several new results






mixing) have been presented. Ad-
ditional studies are underway and theoretical advances in the near term are







mixing searches at an asymmetric B-factory, particularly using a
hadronic tag and a semileptonic mixing signal.
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